Abstract -Fairly strong positive relationships between stiffness and density have often been reported. No 
INTRODUCTION
Since the end of the nineteenth century, density has been acknowledged as the best single predictor of wood mechanical properties [1, 15, [20] [21] [22] 33] . Modulus of elasticity (MOE) , or stiffness, is a basic mechanical property for softwoods, especially when they are used as solid wood products in structure [8, 20] . The first part of this report presents a non-destructive tree-bending machine, the modulomètre, which is similar to the device elaborated by Koizumi and Ueda [13] and used to measure the stiffness of standing tree trunks (trunk MOE).
Fairly strong positive relationships between MOE and specific gravity of samples of different shapes and sizes have often been reported: e.g. on standard wood samples of Pseudotsuga menziesii (coefficient of determination r 2 = 0.64 [15] ), Pinus yunnanensis (r 2 = 0.73 [30] ), Picea koraiensis (r 2 = 0.50 [30] ), Larix decidua (r 2 = 0.52 [23] ), on small uniform within-ring wood samples of Picea abies (r 2 = 0.83 [4] ) and on mini-bending samples of Pseudotsuga menziesii (r 2 = 0.67 [25] ). On Picea abies standard wood sample, de Reboul [9] found that r 2 could reach 0.76.
As wood properties and wood anatomy are intimately related [7, 11, 24, 32] , some researchers tried to correlate the MOE and some within-ring density parameters computed from density profiles (like X-ray density profiles [24] ). They did not found more satisfying relationships than those between the MOE and the sample specific gravity: e.g. Gentner [12] , reporting on Picea sitchensis, found r 2 = 0.45, and Choi [6] , reporting on Pseudotsuga menziesii, found r 2 = 0.54, both with latewood density. Takata [5, 26] and Picea mariana [31] 
MATERIALS AND METHODS
Plant material and study data are described in Part I of this report. Figure 1 illustrates the samples and the measurements. For the trunk MOE study only, two types of profiles were used: the microdensity profile, i.e. the evolution from pith to bark of the local density, and the evolution from pith to bark of 'density x 2&pi; radius' (weighted density profile), which gives an estimation of the biomass produced by the cambium during each growth period (figure 2).
Results from numerous authors [6, 12, 16, 28] suggest that, in the frame of the earlywood-latewood modelling of the ring density profile, the most relevant part of the ring is the latewood. Figure 3 shows two density profiles, one from a stiff sample, and the other from a flexible one. It is clear on this example that there is more 'high density wood' (latewood) in the stiff than in the flexible sample. It is evident both on heuristic reasoning and on this example that MOE might be related to the amount of latewood within a sample. However, as the earlywood-latewood boundary is a physiological limit, based on Mork's principle [19] First, using a moving density criterion (dc), the complete profiles were divided into two parts: high density and low density segments, according to the local density compared to dc (figure 4). The dc parameter ranged from 200 to 800 g·cm -3 (step 10 g·cm -3 ). Then, for each dc value, the following parameters were computed: mean densities and length of both high and low density segments (respectively, Dhi, Dlo, Lhi and Llo, which may be seen as a prolongation of the earlywood-latewood densities and width), cumulated density for the high density segment (Dcu), energy (Ene) and number of crossing points between the dc line and the profile (Nb). To investigate the possible redundancy of the density parameters, a correlation study was conducted among them. For boards and standard samples density profiles, three parameters are very strongly related (r 2 > 0.99, P < 0.001, whatever the study level): Lhi, Dcu and Ene.
Thus two of them, Lhi and Dcu, were excluded from the study of the modelling of the boards and of the standard samples MOE (but not from the trunk MOE study, where the used profiles were the biomass profiles). Table I shows the samples and the corresponding variables.
A correlation study (using Pearson's linear correlation coefficient) and a multiple linear regression study (using the stepwise efroymson method [27] ) were then conducted among all the density parameters and the MOE at all sample and genetic units levels. 
DISCUSSION AND CONCLUSION
It is possible to calculate simple biological parameters strongly or very strongly related to trunk, board or standard sample MOE. These relationships are stronger than those among MOE and within-ring classical parameters based on the earlywood-latewood model (for trunk and board respectively, 0.42, P < 0.01 and 0.37, P < 0.01 in [16] , 0.58, P < 0.001 and 0.78, P < 0.001 in this study; tables II and III).
The high relationship between Ene (sum of the squared densities) and board MOE suggests that the relationship between local MOE and density is non-linear such as that noted by Chantre [4] on Norway spruce. This could mean that the increase in density in the latewood is not only related with a decrease of the porosity, but also with an increase of the cell wall MOE, itself linked with a smaller microfibril angle (Fournier-Djimbi, personal communication) .
In a bending test, if strength direction is perpendicular to the ring limits, the outer layers play a greater role than inner layers [2, 10] . That is certainly why the trunk MOE-density relationship is stronger for parameters from biomass profiles (radius 2 weighted) than for parameters from density profiles. Weighing density with radius 3 was also tried (thus assuming that the outer layers' influence was not linked to their mass, but rather to their rotation inertia); however, this did not improve the relationships.
For the standard samples, the general relationship between MOE and density parameters is far stronger (r 2 from 0.22 to 0.48; tables IV and V) when excluding the bottom standard samples. Thus, the MOE of a 36 cm long standard sample taken just over the stump cannot be accurately explained by density parameters of the same sample. Systematic higher compression wood content in the stem part under 1 m from the ground could lead to an interpretation. Timell [29] , however, stated that results are contradictory when researchers try to answer the question of whether compression wood occurs more frequently in the lower part of the stem. Zobel and colleagues [32, 33] wrote that in a zone approximately 0.5 to 1 m from the ground line, wood is very erratic and non-uniform, and not representative of the tree. Larson [14] [3] ) may be a more efficient and objective way to determine what will, in a density profile, explain the stiffness of a piece of wood.
Another way to increase modelling efficiency could be to imagine and test physical models based on hypotheses about the relationships between local MOE and local wood density, and then compare them to the statistical models of our study.
These results were obtained on only five clones and 20 trees. Although conclusions were drawn using only statistically highly significant parameters, new studies using more clones and more trees per clone would be greatly beneficial.
